Background Intracerebral hemorrhage (ICH) expansion is common during the first 24 h after onset, but the pattern and pace of hyperacute hemorrhage growth have not been described because serial imaging is typically performed over the course of hours and days, not minutes. The purpose of this study is to elucidate the spatial and temporal characteristics of hyperacute hemorrhage expansion within minutes of ICH onset. Methods An 86-year-old man with probable cerebral amyloid angiopathy developed an ICH while in the MRI scanner. Hyperacute hemorrhage growth was captured at three time points over a 14-min interval of MRI data acquisition and at fourth time point with CT 22 h later. MRI and CT datasets were spatially coregistered, and threedimensional models of ICH expansion were generated. Results Longitudinal analysis revealed that the spatial pattern of ICH growth was asymmetric at each time point. Maximal expansion occurred along the anterior-posterior plane during the first 4 min but along the superior-inferior plane during the next 10 min. The temporal pace of ICH expansion was also non-uniform, as growth along the anterior-posterior plane outpaced medial-lateral growth during the first 4 min (2.8 vs. 2.5 cm), but medial-lateral growth outpaced anterior-posterior growth over the next 10 min (1.0 vs. 0.2 cm). Conclusions We provide evidence for asymmetric, nonuniform expansion of a hyperacute hemorrhage. These serial imaging observations suggest that hemorrhage expansion may be caused by local cascades of secondary vessel rupture as opposed to ongoing bleeding from a single ruptured vessel.
Introduction
Intracerebral hemorrhage (ICH) expansion is common during the first 24 h after onset and is associated with clinical deterioration and increased risk of death [1] [2] [3] . The pathophysiological basis of ICH expansion is unknown. ICH growth may result directly from continued bleeding by the initially ruptured vessel. An alternative possibility is that expansion occurs via secondary mechanical disruption of arterioles near the site of primary vessel rupture, as described in C. Miller Fisher's classical histopathological analysis of hypertensive hemorrhage [4] . Current knowledge about in vivo ICH expansion is limited, however, coming from serial neuroimaging studies performed over hours to days [1] . Hyperacute ICH onset and evolution have only rarely been captured with neuroimaging within minutes of ictus in humans [5] . In this report, we analyzed the spatial and temporal characteristics of hyperacute hemorrhage growth with sequential MRI data obtained over a span of 14 min, providing new insights into the pattern and pace of hyperacute ICH expansion.
Methods

Case Presentation
An 86-year-old left-handed man with prior right temporoparietal hemorrhage and multiple cerebral microbleeds, meeting clinical criteria for probable cerebral amyloid angiopathy (CAA) [6] , was brought to the hospital by his family because of 48 h of progressive confusion, wordfinding difficulty, and headache. He had a history of mild memory difficulties but performed all activities of daily living and could complete crossword puzzles. He was on no antiplatelet or anticoagulant medications. At the time of admission, the patient was afebrile and hemodynamically stable. Neurological examination was notable for inattention, perseveration, non-fluent speech, and difficulty following multistep commands. Laboratory evaluation of serum and urine was normal. Initial head CT scan showed encephalomalacia in the right temporoparietal region from the prior hemorrhage and generalized cortical atrophy with a parietal predominance, but no acute abnormality. Electroencephalography (EEG) demonstrated no evidence of epileptiform activity, generalized encephalopathy, or post-ictal state.
Magnetic resonance imaging (MRI) was performed on hospital day 2, and an evolution of signal changes was noted on consecutive sequences. The gradient-recalled echo (GRE) sequence performed at the beginning of the scan revealed a right parietal cerebral microbleed (CMB) that was new since an MRI performed 2 years prior (Fig. 1a) . Two minutes after the GRE sequence, a T1 pre-contrast (T1 pre) sequence demonstrated no evidence of macrohemorrhage in the region of this CMB. Two minutes later, gadolinium was administered and a T1 post-contrast axial sequence (T1 postaxial) revealed an 8.8 cc enhancing lesion in the right parietal lobe, adjacent to the CMB (Fig. 1b) . Ten minutes later, a T1 post-contrast coronal sequence (T1 post-coronal) revealed expansion of this enhancing lesion to 20.5 cc (Fig. 1c) . After the MRI scan, the patient's neurological examination was notable for new left-sided hemineglect. Repeat head CT 22 h and 22 min after the MRI demonstrated a large right parietal hyperdensity (Fig. 1d) , representing further hemorrhage expansion to 43.5 cc despite aggressive blood pressure control in a neurological intensive care unit. The patient was eventually discharged to an inpatient rehabilitation facility, with mild improvement in his non-fluent aphasia and neglect. Of note, hemorrhage volume was calculated at each time point using the ''ABC/2'' method [7] .
Image Processing and Analysis
Imaging data from the patient's MRI (GRE, T1 post-axial, and T1 post-coronal) and his follow-up CT were coregistered to anatomic images from the patient's T1 preaxial dataset using FMRIB's Linear Image Registration Tool (FLIRT version 5.5) in the FMRIB Software Library (FSL) [8] , with a rigid-body 3-dimensional transformation employing 6 degrees of freedom. Intramodality coregistrations of MRI data were performed using a correlation ratio cost function. The intermodality CT-to-MRI coregistration was performed using a mutual information cost function [9] . Neuroanatomic accuracy of all coregistration procedures was confirmed by co-localization of landmarks in the anterior, middle, and posterior fossae. To optimize the accuracy of the GRE-to-T1-pre coregistration, the brain was extracted from the skull in both datasets using the Brain Extraction Tool in FSL [8] . After coregistration, CMB and macrohemorrhage outlines were manually traced on each dataset using Trackvis version 5.2 [10] . All hemorrhage tracings were rendered in 3-dimensions and superimposed on the T1 pre-axial dataset for longitudinal comparative analysis.
Results
Although the exact timing and spatial localization of hemorrhage onset cannot be definitively determined, we defined the timeline for hemorrhage expansion as starting at the GRE sequence (00:00 [h:min]), because the CMB was new since a prior MRI scan and located at the macrobleed's inferolateral border. Hemorrhage volume expanded from 8.8 cc (00:04) to 20.5 cc (00:14) to 43.5 cc (22:22) ( Table 1) . At each time point, the hemorrhage was asymmetrically shaped, with finger-like projections that corresponded to the gyral topography of the posterior frontal and parietal lobes (Fig. 2) . At the last time point (22:22), the hemorrhage appeared more spherically shaped (Fig. 3) , although the superior and inferior margins of the hemorrhage conformed to the local gyral topography. The pace of hemorrhage expansion was larger in the anterior-posterior (A-P) plane than in the medial-lateral (M-L) and superior-inferior (S-I) planes over the first 4 min, but the rate of expansion in the superior-inferior (S-I) plane was then maximal at each subsequent time point (Table 1) . Although the rate of expansion along the A-P axis slightly outpaced M-L growth in the first 4 min (2.8 vs. 2.5 cm), over the next 10 min M-L growth (1.0 cm; 40 %) substantially exceeded A-P growth (0.2 cm; 7.1 %). Similar variability was observed between 00:14 and 22:22, during which acceleration of ICH expansion in the A-P-plane (from 7.1 % growth over the prior 10 min to 33.3 % growth) was accompanied by the deceleration of ICH expansion in the M-L plane (from 40.0 % growth over the prior 10 min to 17.1 % growth). Longitudinal hemorrhage expansion can be viewed in the Supplementary Video.
Discussion
The imaging findings in this case provide a unique glimpse of hyperacute hemorrhage onset and evolution in vivo. Our longitudinal analyses of coregistered imaging datasets offer intriguing support for the possibility that hyperacute hemorrhage expansion occurs asymmetrically and with marked variability in both space and time. Mechanistically, asymmetric expansion may be partly explained by local differences in tissue barriers to ICH growth or by the directional orientation of a jet of blood escaping from the site of primary vessel rupture [11] , but neither of these mechanisms sufficiently explains the significant spatial and temporal variability in preferential directions of growth that were observed in this case. Rather, our observations support a model of hemorrhage expansion in which asymmetric growth is determined in part by local cascades of secondary vessel rupture [4] . Bursts of local hemorrhage growth could result from a random ''avalanche'' of rupture events occurring in particular regions of the expanding hemorrhage, a finding also demonstrated by a computer simulation of the secondary rupture model [12] . An alternative possibility is that asymmetric growth could be driven by anatomic clusters of severely diseased small vessels that are particularly susceptible to the secondary rupture process. Such local clustering of diseased vessels has been previously suggested in patients with CAA, since macrobleeds and microbleeds tend to occur in proximity within any given patient [13] .
Additional support for the secondary rupture model of hemorrhage expansion was recently provided by a correlative genotyping-neuroimaging study, which demonstrated that the presence of the apolipoprotein E e2 allele predisposes to lobar ICH expansion, particularly in patients with CAA [14] . Given that the apolipoprotein E e2 allele is associated with amyloid-related vasculopathy [15] , this finding suggests that the neuroanatomic distribution of fragile, amyloid-laden vessels may play a role in determining the temporal and spatial dynamics of secondary vessel rupturing during hemorrhage expansion. Moreover, another line of evidence indirectly supporting a secondary shearing model of hemorrhage expansion is the observation that hemorrhages in CAA patients occur in a bimodal distribution of volumes [16] , suggesting a possible size threshold beyond which a growing hemorrhage will continue to expand from the microbleed peak fully into the Time is provided in h:min format, with 00:00 defined as the time of gradient-recalled echo data acquisition. Calculations of % hemorrhage expansion at 00:14 and 22:22 were performed by comparing the diameter and volume measurements to the corresponding measurements from the prior time point. For the diameter calculations, the maximal diameter of the hemorrhage was measured in each plane macrobleed peak. Similar to the serial neuroimaging results reported here, the results of these prior studies are difficult to explain on the basis of continuous bleeding from a single source vessel and argue against this possibility. The neuroimaging findings in this case therefore add to a growing body of evidence suggesting that the prevention of secondary vessel rupture may be a potential therapeutic target to reduce hemorrhage expansion. New methods for reducing hematoma expansion are being actively sought, since previously reported approaches such as hemostatic therapy [17] and blood pressure reduction [18, 19 ] have yet to demonstrate clinical benefit. Determination of the precise mechanisms underlying hematoma expansion is likely to be an important step toward devising new therapies for limiting this potentially devastating complication of ICH. Fig. 2 Hyperacute hemorrhage expansion in the axial plane at sequential time points. Gradient-recalled echo (GRE), T1 post-axial (T1 post-ax), T1 post-coronal (T1 post-cor), and computed tomography (CT) imaging data are all coregistered to the T1 pre-axial imaging dataset. The hemorrhage was manually outlined on each coregistered dataset, and the outlines are superimposed here on the T1 pre-axial dataset. The shape of the hemorrhage changes at each time point, and hemorrhage expansion in anterior-posterior and mediallateral planes is asymmetric on each axial image 
